: Population genetic analysis and evidence of inter-specific introgression in Vol 47, No. 2,[451][452][453][454][455][456][457][458][459][460][461][462][463][464][465][466][467][468] Helichrysum armenium and H. rubicundum are two medicinally important plants of Iran that are distributed in various regions of the country. They are extensively used by locals as medicinal plants and a great negative selection pressure is applied on them. Therefore, due to importance of these plant species, we performed a population genetic study in both species. For this study, we used 66 randomly collected plants from 24 geographical populations of Helichrysum armenium and H. rubicundu. These species had areas of overlap and contact and we found some intermediate plants that were included in our study too. UPGMA and MDS analyses revealed morphological separation of these closely related species and placed intermediate plants in an intermediate position. ISSR analysis revealed inter-population genetic diversity and K-Means clustering and STRUCTURE analyses revealed populations . genetic stratification in both species. Genetic difference of the studied populations was not correlated to geographical distance. Triangle plot of Bayesian analysis and NeighborNet plot showed inter-specific gene flow. The studied populations showed plants with 2n = 2x = 14 and 2n = 4x = 28 chromosomes and differed significantly in their meiotic behavior. Therefore, a combination of genetic stratification, and genetic admixture as well as polyploidy and chromosomes structural changes, have played rule in Helichrysum diversification.
INTRODUCTION
The genus Helichrysum Mill. (Gnaphalieae) is a large and taxonomically difficult genus, that is distributed throughout the African continent, Madagascar, the Mediterranean basin, Macaronesia, western and central Asia as well as India. It comprises about 500 to 600 species (GALBANY-CASALS et al. 2009 ). Most of the Helichrysum species have medicinal values and their secondary products like flavonoids, acetophenones, phloroglucinol, pyrones, triterpenoids and sesquiterpene have been used in folk medicine and are included in many pharmacopoeias. Helichrysum armenium D.C. and H. rubicundum (K. Koch) Bornm., are two medicinal species that grow in different regions of Iran and form several local populations. In some regions these closely related species grow in sympatry. Due to importance of these taxa as a source of folk medicine and extensive use by local people, we performed population genetic analysis with the aim to illustrate their population structure and possible inter-specific gene flow in the area of sympatry. Hybridization is considered an important evolutionary force in Gnaphalieae. Combination of morphological and genetic data have been used to identify hybrids in the genus Helichrysum as these plants exhibit intermediate features of the parental species (GALBANY-CASALS et al. 2012) . Multilocus molecular markers including simple sequence repeat markers (SSRs) and inter simple sequence repeat markers (ISSR) are good genetic markers to identify hybrid plants (GASKIN & KAZMER, 2009; NOORMOHAMMADI et al. 2012 ). These molecular markers are known to reveal genetic diversity in Helichrysum species and (AZIZI et al. 2014) .
MATERIALS AND METHODS

Plant materials
Sixty-six plant specimens were randomly collected from 24 geographical populations of Helichrysum armenium and H. rubicundum located in 5 provinces of Iran (Table 1 and Fig. 1 ). These two species grow in sympatry in some regions (for example in Tabriz, East Azarbayejan). In these regions, we encountered several plants with morphological characters of both studied species and considered as potential hybrids and added to our study. 
DNA extraction and ISSR assay
Fresh leaves were collected randomly in each of the studied populations and dried in silica gel powder. Genomic DNA was extracted using CTAB with activated charcoal protocol (Sheidai et al. 2013 ). The quality of extracted DNA was examined by running on 0.8% agarose gel.
Ten ISSR primers; (AGC)5GT, (CA)7GT, (AGC)5GG, UBC810, (CA)7AT, (GA)9C, UBC807, UBC811, (GA)9A and (GT)7CA commercialized by UBC (the University of British Columbia) were used.PCR reactions were performed in a 25µl volume containing 10 mM Tris-HCl buffer at pH 8; 50 mM KCl; 1.5 mM MgCl2; 0.2 mM of each dNTP (Bioron, Germany), 0.2 µM of a single primer; 20 ng genomic DNA and 3 U of Taq DNA polymerase (Bioron, Germany).The amplifications' reactions were performed in Techne thermocycler (Germany) with the following program: 5 min initial denaturation step 94°C, 30 S at 94°C; 1 min at 50°C and 1min at 72°C. The reaction was completed by final extension step of 7 min at 72°C. The amplification products were visualized by running on 2% agarose gel, followed by the ethidium bromide staining. The fragment size was estimated by using a 100 bp molecular size ladder (Fermentas, Germany).
Morphological study
Seventeen morphological characters (quantitative and qualitative) were studied such as the gemma length and width, the basal leaf width, the stem leaf width, the length and width of the upper leaves, the length and width of synflorescence, the length and width of receptacle, the width of involucre, phyllary number, the corolla length, pappus number, number of flowers, form of the involucre, gemma status and indumentum of the basal leaves.
The range of quantitative morphological characters (5 readings in each case) was determined. These characters and along with qualitative characters were coded as binary and multistate characters. For multivariate statistical analyses, Gower distance was determined for clustering.
UPGMA (Unweighted paired groups using average method) and Ward (minimum spherical cluster method) were used for grouping of the accessions after 100 times bootstrapping (PODANI 2000) . Different ordination methods were applied on standardized data like PCA (Principal components analysis), PCoA (Principal coordinate analysis) and MDS (Multidimentional scaling) (PODANI 2000) . Moreover, minimum spanning tree (MST) was performed to illustrate morphological affinity of the presumed hybrid plants. Data analyses were performed by using PAST ver. 2.17 (HAMER et al. 2012) . Different clustering and ordination methods were used to check consistency of results and when the results are similar, only one of them is presented here.
Genetic analyses
ISSR bands obtained were coded as binary characters (presence = 1, absence = 0). The following genetic diversity parameters were determined in each population: percentage of allelic polymorphism, allele diversity (WEISING 2005), Nei's gene diversity (H), Shannon information index (I), number of effective alleles, and percentage of polymorphism (FREELAND et al. 2011 ).
Nei's genetic distance was determined among the studied populations followed by Neighbor Joining (NJ) clustering and NeighborNet method of networking with 100 times bootstrapping (HUSON & BRYANT, 2006) . The Mantel test was performed to study correlation between geographical distance and the genetic distance of the studied populations (PODANI, 2000) . GenAlex 6.4 (PEAKALL & SMOUSE, 2006 ), PAST ver. 2.17 (HAMER et al. 2012 ), DARwin ver. 5 (2012 , and SplitsTree4 V4.13.1 (2013) programs were used for these analyses.
Genetic difference among the studied populations and provinces were determined by: AMOVA (Analysis of molecular variance) test (with 1000 permutations), and 2-Nei ' s Gst analysis of GenoDive ver.2 (2013) (MEIRMANS & VAN TIENDEREN, 2004 ). Moreover, to avoid possible problem caused by dominant nature of ISSR markers, Hickory test (Hickory program ver. 1.0) that is a Bayesian approach was used to reveal populations , genetic differentiation (HOLSINGER et al. 2003 , TERO et al. 2003 .
New differentiation parameters such as G'ST est = standardized measure of genetic differentiation (Hedrick 2005) , and D_est = Jost measure of differentiation (JOST, 2008) , were also determined.
The genetic structure of populations was studied by STRUCTURE analysis (PRITCHARD et al. 2000) of dominant molecular markers (FALUSH et al. 2007 ) and K-Means clustering as done in GenoDive ver. 2. (2013) MEIRMANS, 2012) . We used two summary statistics to present KMeans clustering, 1-pseudo-F and 2-Bayesian Information Criterion (BIC).
Non-metric multidimentional scaling (MDS) (PODANI, 2000) was performed to study genetic grouping of the populations and latent factor mixed models (LFMM) (FRICHOT et al. 2013) was used to test correlation between the studied molecular markers and geographical parameters (latitude and longitude) by LFMM program Version: 1.2 (2013).
The hybrid index as implemented in Genodive ver. 2 (2012) was used to study interspecific gene flow. It is a quantitative estimate of the genetic contribution of two parental species or populations to an individual of unknown provenance. GenoDive uses the method of BUERKLE (2005) to calculate a maximum likelihood estimate of such a hybrid index.
Cytology
Twelve populations were analyzed for meiotic chromosome number and cytogenetic variability with regard to chiasma frequency and distribution and chromosome pairing (SHEIDAI et al. 2013) . Squash technique was used for cytological studies performed on young flower buds randomly collected from at least 20 randomly collected plants in each population. Flowers , bud fixation and details of cytological preparation were according to our previous report (SHEIDAI et al. 2013) .
ANOVA test (Analysis of variance) was performed to reveal cytogenetic difference of the studied populations, while cytogenetic similarity of the populations was studied by clustering method. Since some populations had plants with two different chromosome numbers, the relative chiasma values were obtained by dividing the actual numbers by the number of chromosomes and used for clustering (SHEIDAI et al. 2013) .
RESULTS AND DISCUSSION
Morphometry
UPGMA clustering of morphological characters (Fig.2) The MDS plot of morphological characters (Figure not given) not only supported UPGMA result, but also revealed morphological variability of the studied species. A higher degree of morphological variability was observed in H. rubicundum compared to H. armenium.
Inter-population morphological variability has been reported in several Helichrysum species (see for example, GALBANY-CASALS et al. 2006; AZIZI et al. 2014) . Such high intra-specific morphological variability may be due to cross-pollination nature of Helichrysum species and to some extent due to local adaptations. Genetic diversity and population structure Helichrisum armenium Genetic diversity parameters determined in the studied populations are provided in Table  2 . The highest value for genetic polymorphism (31.82%) was observed in Chatan population (Sanadaj, Kurdistan), followed by Mishodagh population (Marand, East Azarbayejan) (28.79%). These populations also had highest values for Shannon Information Index (0.192 and 0.159, respectively), and gene diversity (0.132, 0.159, respectively).
AMOVA test showed significant genetic difference among H. armenium populations (φPT value = 0.55, P = 0.01), indicating their genetic difference. This was supported by significant Gst (0.15, P = 0.01) and D_st (0.11, P = 0.01) values obtained as well as by Hickory (Theta = 0.20) test. AMOVA test revealed that 61% of genetic variability occurred due to within population difference, and 39% occurred due to among populations , difference. NJ tree and PCoA grouping of the specimens based on ISSR data produced similar results. Therefore, NJ tree is presented and discussed here (Fig. 3) . The NJ tree produced three major clusters. Chatan and Oshnavieh populations (Kurdistan and West Azarbayejan provinces, respectively) showed close genetic affinity and formed the first cluster. Similarly, Goran (Kurdistan) and Mamakan (West Azarbayejan) populations were placed in a single cluster, to which, Asadabad population (Hamedan) was joined with some distance. Finally, Marivan population (Kurdistan) was placed in a single cluster far from the other studied populations.
K-Means clustering also produced best clustering according to pseudo-F: k = 3, and best clustering according to Bayesian Information Criterion: k = 6, which are in agreement with NJ tree and AMOVA test. These results indicated the populations , genetic stratification. AMOVA test produced significant difference among the studied populations as well as among H. rubicundum populations (φPT value = 0.36, P = 0.01), and revealed that 72% of total genetic variability occurred due to within populations ' genetic variability and 28% due to among populations , genetic difference. The NJ tree (Fig. 4) showed closer genetic affinity between Kaleibar (West Azarbayejan) and Givi (Ardebil) populations. Damavand (Karaj), population joined these two populations with some distance. Naghadeh and Boylarpush populations of West Azarbayejan were placed close to each other and along with the first 3 populations formed the first cluster. Sero (West Azarbayejan) and Ahar-Tabriz (East Azarbayejan) populations formed the second cluster. The other studied populations were scattered in different clusters due to their genetic difference.
K-Means clustering also produced best clustering according to pseudo-F: k = 3, and best clustering according to Bayesian Information Criterion: k = 1, which is in agreement with NJ tree and AMOVA test. These results indicated the populations , genetic stratification. The Mantel test performed between genetic distance and geographical distance of the studied populations did not produce significant correlation in both species.
Combined analyses
We could get good results for 50 combined analyses and therefore a data matrix of 50 X 66 was formed for genetic analyses. Genetic diversity parameters determined in two studied species are presented in Table 2. STRUCTURE plot of the studied populations is presented in Fig. 5 Inter-specific gene flow Estimated mean Nm value obtained as an indicator of gene flow among the studied species produced Nm value of >1.00, that is considered to be high value.
Reticulogram and NeighboeNet diagram produced similar results therefore, only NeighborNet diagram is presented here (Fig. 6 ). Both analyses revealed that some of the populations from both species were intermixed and were placed in a single cluster due to genetic similarity. This figure revealed occurrence of gene flow between members of different populations in each species (for example populations 10 and 11 of H. armenium, and populations 13 and 17 of H. rubicundum) and also between members of the two studied species (For example, populations 11 and 12). This result is in agreement with the Mantel test result in both H. armenium and H. rubicundum. Finally, triangle plot of Bayesian analysis (Fig. 7) produced another support for interspecific gene flow. It showed genetic admixture of the studied species as the members of these species were placed in different corners of triangle in intermix. AMOVA test produced significant difference (P= 0.01) between the two species and KMeans clustering produced the Best k = 2. Therefore, in spite of inter-specific gene flow between H. armenium and H. rubiduncum, they remained genetically as two separate entities (species).
LFMM test result showed that none of the ISSR loci studied was correlated to the geographical parameters in both studied species. All ISSR loci had -log 10 (p) value of <2, which is not significant. Therefore these loci are not adaptive, and some other reasons like genetic drift might have played rule in genetic divergence of the studied populations.
Potential hybrids
During this study we encountered with plants with intermediate morphological characters from both studied species. These plants formed a distinct group in UPGMA tree and MDS plot of morphological characters as presented before (Figs. 2 and 3) .
We performed MST analysis to reveal morphological affinity of the presumed hybrids to the potential parental species (Fig. 8) . The MST plot revealed that some plants were morphologically closer to H. armenium (plants 4 and 5 in Fig. 8 ), while some others were closer to H. rubicundum (plants 1 and 2 in Fig. 8 ). This morphological result is in agreement with genetic result obtained by triangle plot presented before (Fig. 7) . The latter plot also showed that some plants with intermediate morphological characters were genetically closer to H. armenium, while some others were closer to H. rubicundum. We performed population assignment and Hybrid index tests to illustrate genetic affinity between putative hybrid plants and their potential parental species i.e. H. armenium and H. rubicundum. Three-nine randomly studied parental plants and putative hybrids were used in this analysis.
Population assignment test result is presented in Table 3 . The result revealed that some plants of H. armenium are genetically close to H. rubicundum (for example, plants number 3, 10 and 11). Similarly, and vise versa (plants number 12 and 28 of H. rubicundum were close to H. armenium). Moreover, plants number 37 and 39 (putative hybrid plants) were close to H. rubicundum while, plant number 38 was close to H. armenium.
We obtained 100% hybrid index value (h = 1) and genetic resemblance for plant number 37 with H. armenium as the reference population, and h = 0.54 for plant No. 38. Similarly, a higher h value (0.76) was obtained for plant No. 38, when H. armenium was the reference population. Therefore, both population assignment and Hybrid index methods revealed that different degrees of gene flow between H. armenium and H. armenium had resulted to the formation of hybrid plants. A similar phenomenon reported in the other Helichrysum species by GALBANY-CASALS et al. (2006 and SMISSEN et al. (2007) . Populations, number: 1 = Helichrysumarmenium, 2 = H. rubicundum, and 3 = potential hybrids.
Cytological variability
Meiotic studies were performed in populations of H. armenium and H. rubicundum. Details of data obtained for polyploidy level, chiasma frequency and chromosome pairing are provided in Table 4 , Figs. 9 and 10. Cytological study showed the occurrence of 2n = 2x = 14 and 2n = 4x =28 in the studied populations. Previously 2n = 8x = 56 chromosome number was reported for H. armenium (Chariat-Panahi et al. 1982) , while 2n = 4x = 28 was cited for H. rubicundum (GHAFFARI, 1989) . The highest value for total chiasma/ bivalent occurred in 15 Km Tabriz-Ahar (1.63), while the highest value of terminal chiasmata/ bivalent occurred in 23 Km Givi, Ardebil (0.66). Similarly, the highest value for intercalary chiasmata/ bivalent was observed in Boylarpush (1.20). The populations studied formed mostly ring and rod bivalents, although few univalent and quadrivalents were formed in some of the studied populations (Table 4 , Fig. 9, B) .
Pearson ' coefficient of correlation determined between cytogenetic features revealed significant positive correlation between total, terminal and intercalary chiasmata and ring bivalents (P = 0.05). It showed significant negative correlation between chiasma parameters and number of univalents and rod bivalents (P = 0.05) (Fig. 10) . However, no correlation was found between meiotic features and longitude, latitude and elevation. This result indicated that cytological differences are not correlated with geographical parameters as was previously observed also for ISSR loci studied. ANOVA (Analysis of variance) test performed among plants with 2n = 4x = 28 revealed significant difference (P = 0.01) for all meiotic features, while the same test performed among plants with 2n = 2x = 14 did not produce significant difference.
Chiasma frequency and distribution is under genetic control and significant change in their frequency is considered as a mean for genetic recombination and diversity that can be used by plants with similar chromosome number to adapt to their local environment (SHEIDAI et al. 2013) . Our data showed that significant degree of change had occurred for genes that control chiasma formation and localization in plants with 2n = 4x = 28.
UPGMA clustering of H. armenium and H. rubicundum based on meiotic characteristics revealed their inter-population cytogenetic variability (Figs. 11 and 12) . In H. armenium, the studied populations were grouped in three clusters. Oshnavieh (West Azarbayejan province) and Chetan (Kurdistan) populations showed meiotic similarity and were placed in one cluster, while Garan passage (Kurdistan) and Mishodagh populations formed the second cluster. Abidar, Ariz passage and Boylarpush differed cytogenetically from the other two clusters and formed the third cluster. In H. rubicundum, 15 Km Tabriz-Ahar differed greatly in its cytogenetic features and formed a separate cluster (Fig. 12 ). Plants studied from two different locations of Damavand also formed a separate cluster, while Soro and 2 Km Tabriz-Ahar joined them with some distance. Polyploidy and chromosomal structural changes along with hybridization have been considered as important mechanism of speciation in Helicrysum (GALBANY-CASALS et al. 2012; AZIZI et al. 2014) . Therefore, a combination of genetic variability, gene flow and genetic admixture as well as polyploidy and chromosomes structural changes, have played rule in Helichrysum diversification. 
